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Positive Adaptors in T CellsThe antigen receptors on T and B lymphocytes (TCR and
Following their activation by TCR engagement, the ZAP-BCR) are multimeric complexes composed of a recep-
70/SYK kinases target two key substrates for phosphor-tor module associated with various signaling proteins
ylation, LAT and SLP-76. Both substrates are expressed(CD3g, d, e, and TCRz chains in T cells and BCR a and
exclusively in hematopoietic cells, primarily in T cells,
b chains in B cells). Binding to pathogens and foreign
natural killer cells, basophils, and mast cells. LAT (pp36)substances initiates intracellular signaling events that
is a type III transmembrane protein, with a small extra-lead to clonal expansion of reactive cells. Unlike growth
cellular region and an extended cytoplasmic tail (Weberfactor receptors, these complexes lack intrinsic tyrosine
et al., 1998; Zhang et al., 1998a) (Figure 1). The presencekinase domains. Instead, the TCR and BCR complexes,
of a transmembrane region and acylation sites is consis-as well as the related high-affinity immunoglobulin (Ig)
tent with its localization to cell surface (Zhang et al.,E receptor (FceRI) complex on basophils and mast cells,
1998b). Instead of binding to ligand, current evidenceinitiate signaling by engaging proximal src-related pro-
tein tyrosine kinases. In T cells, p56lck binding to the
CD4 and CD8 coreceptors brings the kinase into proxim-
ity with the TCRz/CD3 complex, promoting phosphoryla-
tion of immunoreceptor tyrosine-based activation motifs
[ITAMs, defined by the sequence YXX(L/I)X6±8YXX(L/I)].
Dual phosphorylation of tyrosines in each ITAM is then
required for tandem SH2 domain binding by another
lymphoid kinase ZAP-70 (zeta-associated protein-70),
or the related kinase SYK. SH2 domains are modules
that recognize phosphotyrosine in the context of three
to five adjacent C-terminal residues. Subsequent phos-
phorylation of ZAP-70 by p56lck is needed to activate
the kinase, an event that leads to ZAP-70-mediated
phosphorylation of its targets. p56lck SH2 domain bind-
ing to ZAP-70 further consolidates CD4-p56lck or CD8-
p56lck in the TCRz/CD3 aggregate. Similar mechanisms
are employed by BCR a/b and FceRI g chains, where
the src kinases LYN and FYN phosphorylate ITAMs for
SYK recruitment.
An outstanding issue has concerned the identity of
signaling proteins that couple proximal kinases with
downstream pathways, such as the activation of the GTP-
binding proteins Ras, Rac, and Rho and the Ca21-depen-
dent calcineurin pathway. Each pathway is needed for
the optimal activation of lymphokine genes, the ultimate
outcome of T cell activation. TCR-induced Ca21 flux
is modulated by the phosphorylation of phospholipase
C-g1 (PLC-g1), while Ras activation is generally medi-
ated by the recruitment of Grb-2/SOS complexes to
the cell surface. However, reconstitution of lymphoid
receptors and kinases in nonlymphoid cells fails to acti- Figure 1. Adaptor Proteins in Immune Cells
vate these pathways, revealing the need for additional Two groups of adaptors influence signaling in immune cells.
Immune-specific adaptors include LAT, SLP-76, FYB/SLAP, SKAP55,lymphoid-specific proteins. Over the past 2 years, excit-
Grap/Gads, and 3BP2. Although not structurally related to eaching progress has been made in this area with the identifi-
other, SLP-76, FYB/SLAP, SKAP55, and 3BP2 possess multiple sitescation of an array of immune cell-restricted adaptors.
to interact with other proteins and a C-terminal SH2 or SH3 domain.These adaptors lack enzymatic and transcriptional do-
Ubiquitous adaptors Grb-2, Nck, CRKL, and c-Cbl influence immune
mains, but they have multiple motifs and domains that cells signaling in binding to LAT, SLP-76, or ZAP-70/SYK. They also
allow binding to other proteins. With multiple binding bind to each other in the formation of Grb-2-CRkl and Grb-2-Cbl
complexes, while Grb-2/SOS acts to regulate the Ras pathway.sites and the potential to create various combinations of
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supports a model whereby LAT acts as a central adaptor
that is responsive to TCR ligation by recruiting multiple
proteins required for downstream signaling. Phosphory-
lated LAT binds directly to key proteins such as phos-
pholipase C-g1 (PLC-g1) and Grb-2/Grap (Grb2-like ac-
cessory protein). The cytoplasmic domain of LAT has
as many as five consensus motifs for the binding of SH2
domains of Grb-2, and one for PLC-g1. Other compo-
nents such as Vav, Cbl, PI 3-kinase, and SLP-76 also
associate, but this may occur in an indirect manner.
Recruitment of proteins to the plasma membrane facili-
tates phosphorylation, enzyme activation, and interac-
tions with other proteins and substrates. For example,
LAT recruitment of PLC-g1 could regulate the hydrolysis
of phosphatidylinositol-4,5-bisphosphate (PIP2) to ino-
sitol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG).
IP3-induced increase in intracellular Ca21 is required to
activate the serine/threonine phosphatase calcineurin
to dephosphorylate the transcription factor NF-AT.
Dephosphorylated NF-AT translocates to the nucleus
where it participates in interleukin 2 (IL-2) transcription
(Rao et al., 1977). Although the steps connecting LAT Figure 2. Model of Adaptors in T Signaling
to the TCRz/CD3 complex remain to be defined, it is TCR receptor signaling is initiated by proximal events such as the
clearly needed for TCR signaling, as demonstrated by activation of CD4/CD8-p56lck, ZAP-70, and SYK kinases. ZAP-70/
the blocking effect of a dominant-negative LAT on NF- SYK phosphorylate SLP-76 and LAT. SLP-76 and LAT expression
are needed for PLCg phosphorylation, Ca21 mobilization, and inosi-AT transcriptional activity (Zhang, et al., 1998a).
tol phosphate turnover. LAT binds to Grb-2/SOS and Grap/SOS,While localized at the cell surface, LAT is closely con-
providing a potential link to the activation of Ras. SLP-76 is alsonected with the cytosolic adaptor SLP-76. SLP-76 has
required for Ras activation and binds the Grb-2-like lymphoid protein
an N-terminal Sam domain, an acidic region with key Gads. SLP-76 phosphorylation allows Vav and Nck SH2 domain
tyrosine motifs (YESP, YESP, and YEPP), a proline-rich binding, leading to the regulation of the actin polymerization and
region, and a carboxy-terminal SH2 domain (Figure 1). the organization of the cytoskeleton. SLP-76 also binds to immune
protein FYB/SLAP in a pathway that involves FYN-T and binding toSam (sterile alpha motif) domains are a-helical domains
SKAP55 and SKAP55R. 3BP2 binds to both ZAP-70 and LAT via itsdefined by the sequence WLx7±9Yx27±28G. They are often
SH2 domain, while c-Cbl exerts a negative regulatory effect on thefound in proteins involved in developmental processes
SYK kinase.
such as oogenesis. By binding Vav, Cbl, Gads, and Nck,
SLP-76 may contribute components to LAT in the forma-
and its recruitment of Grb-2 and PLC-g1 are unaffectedtion of a multiprotein aggregate. In T cells lacking LAT
by the absence of SLP-76. Although other branchesor SLP-76, TCR engagement is uncoupled from in-
of LAT/SLP-76 signaling are possible, these observa-creases in intracellular Ca21 and IL-2 gene activation
tions point to the close connection between LAT and(Yablonski et al., 1998). SLP-762/2 mice also show a
SLP-76 in a cascade that links LCK to ZAP-70 to LATblock in pre-TCR signaling in thymic differentiation
to SLP-76.(Clements et al., 1998; Pivniouk et al., 1998).
LAT and SLP-76 are also required for TCR activationThe connection between LAT and SLP-76 and their
of the GTP-binding protein p21ras (Finco et al., 1998;positions in a cascade has become apparent in elegant
Yablonski et al., 1998). Ras plays an essential role instudies using LAT- and SLP-76-deficient Jurkat T cells
IL-2 gene activation and regulates a cascade of serine/(Finco et al., 1998; Yablonski et al., 1998). Normal TCRz
threonine kinases that activate mitogen-activated ki-phosphorylation and ZAP-70 recruitment occur in these
nases (ERKs) (Cantrell, 1996). In the case of growth fac-cells, thereby placing LAT and SLP-76 downstream of
tor receptors, Ras activation is achieved by recruitinginitial TCR-associated events. Instead, the phosphoryla-
Grb-2 and associated Son of Sevenless (SOS), a guaninetion of selective targets is altered. In LAT-deficient
nucleotide exchange factor (GEF) that converts Ras toJ.CaM2 cells, PLC-g1, Vav, and SLP-76 phosphorylation
a GTP-active form. Although the subject of intense in-is lost. These effects on proteins that normally bind to
vestigation, the mechanism regulating Ras activation inLAT strongly suggest that the adaptor connects them
T cells is still not fully understood. With multiple motifswith TCR-activated kinases for phosphorylation. By
for Grb-2 (or related Grap) binding, LAT offers an excitingcontrast, SLP-76-deficient cells show normal substrate
new conduit to Ras (Figure 2). However, the processphosphorylation with the specific exception of PLC-g1
appears to be more complicated than simple recruit-(Yablonski, et al., 1998). Ca21 flux and inositol phospho-
ment of Grb-2/Grap-SOS to the membrane. This can belipid turnover are also abrogated, suggesting that SLP-
seen in SLP-76-deficient T cells that are also defective76 bridges a tyrosine kinase with PLC-g1 for its phos-
in Ras activation but have normal levels of LAT-recruitedphorylation and activation. The mechanism by which
Grb-2. Instead of binding to Grb-2, SLP-76 binds a thirdthis occurs and the identity of the kinase are not known.
Grb-2-like lymphoid protein called Gads (Grb2-relatedCandidate kinases include ZAP-70 and lymphoid ki-
nases ITK and Rlk. Significantly, LAT phosphorylation adaptor downstream of Shc) (Liu et al., 1999) (Figure 1).
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Gads does not bind SOS, but it can cooperate with SLP- 1997). FYB/SLAP can be distinguished from LAT/SLP-76
due to its phosphorylation and binding to the lymphoid76 in the potentiation of IL-2 transcription (Liu et al.,
1999). version of the src-kinase FYN (termed FYN-T). FYN-T
associates with the antigen receptor and acts as a weakAs a multifunctional adaptor, SLP-76 also binds two
proteins that regulate the organization of the cytoskele- substitute for LCK in the phosphorylation of TCRz
ITAMs. Selective binding to FYB/SLAP provides a novelton. ZAP-70/SYK phosphorylation of two YESP sites in
SLP-76 leads to SH2 domain binding of the hematopoi- avenue by which the FYN-T kinase could intervene in
TCR signaling. FYB/SLAP binds another T cell spe-etic protein Vav (Wardenburg et al., 1996; Wu et al.,
1996; Raab et al., 1997) (Figure 1). Significantly, Vav has cific adaptor, SKAP55, and a SKAP55-related protein
(SKAP55R/SKAPHom) (Marie-Cardine et al., 1997; LiuGEF activity for Rho and Rac1, proteins that regulate
the assembly of filamentous actin into stress fibers and et al., 1998). SKAP55 also has the hallmarks of an im-
mune cell-specific adaptor with a unique N-terminal re-lamellipodia, respectively. Vav-deficient T cells show
defects in actin polymerization, receptor aggregation, gion followed by a pleckstrin homology (PH) domain and
a carboxy-terminal SH3 domain (Figure 1). SKAP55 hasand in the potency of receptor-generated signals (see
accompanying minireview by Penninger and Crabtree the added feature that it appears in the nucleus, and it
may represent the end of a pathway involving FYN-FYB-in this issue of Cell). Nck is an adaptor with three SH3
domains and one SH2 domain that interacts with the SLP-76 (Liu et al., 1998).
ZAP-70/SYK Interacting Adaptorsserine/threonine kinase Pak (p21-activated kinases) and
the Wiskott-Aldrich syndrome protein (WASP) (Figure Another group of adaptors also exists in immune cells
that can be distinguished by their direct binding to the1). Further, Pak belongs to a family of serine/threonine
kinases that are activated by binding to GTP-bound ZAP-70/SYK kinases. Of recent note is the lymphoid
adaptor 3BP2, composed of an N-terminal PH domain,Rac1 or Cdc42. Nck binds to a separate site in the acidic
region, leading to the formation of a SLP-76-Vav-Nck proline-rich region, and a C-terminal SH2 domain (Figure
1). 3BP2 binds ZAP-70 and LAT and can also potentiatetrimolecular complex (Wardenburg et al., 1998). Actin
polymerization may be increased by the proximity of the IL-2 promoter activity (Deckert et al., 1998). This
potentiation requires an intact SH2 domain for ZAP-70Vav and Nck binding on the SLP-76 scaffold. For exam-
ple, Vav activation of Rac1 could promote binding to and LAT binding, as well as Ras and calcineurin. Further,
TCR ligation causes rapid 3BP2 translocation to thePak1. Consistent with this model, SLP-76, Nck, and Vav
coexpression enhanced TCR-induced actin polymeriza- membrane, an event that is required for an interaction
with ZAP-70 or LAT. With these features, 3BP2 couldtion, while dominant-negative forms of these compo-
nents inhibited polymerization (Wardenburg et al., 1998). serve as a bridge between the TCR complex and the
LAT adaptor.Signals from the antigen receptor ultimately lead to
the activation of lymphokine genes such as IL-2 and On the negative side of signaling, the widely ex-
pressed adaptor Cbl (Casitas B-lineage lymphoma pro-IL-4. IL-2 promoter activity depends on the combined
effects of the NF-AT, AP-1 (fos/jun complexes), and NF- tein) has profound inhibitory effects on SYK. The first
evidence for negative signaling by Cbl came from stud-kB transcription factors (see accompanying meeting re-
view by Glimcher in this issue of Cell). What then is ies in C. elegans in signaling through the EGF-R homolog
Let-23. This cellular homolog of the oncogenic murineknown regarding the role of specific protein interactions
in this event? The loss of two Grb-2-binding sites on Cas NS-1 retrovirus gene product has a putative N-ter-
minal PTB domain, a C3HC4 zinc RING finger motif fol-LAT blocks transcription, suggesting an obligatory func-
tion for Grb-2 (and possibly Grap) binding (Zhang et lowed by an extensive proline-rich region, a C-terminal
site of ubiquitination recognition sequence, and a puta-al., 1998a). In the case of SLP-76, expression with Vav
cooperatively enhances promoter activity (Wu et al., tive leucine zipper motif (Figure 1). The putative PTB
domain has been reported to bind ZAP-70, while C-ter-1996). However, the loss of individual sites for Vav and
Nck binding only partially inhibits transcription (Fang minal tyrosine residues bind to the SH2 domains of Vav,
PI 3-kinase, and CrkL. In lymphoid cells, Cbl has a nega-et al., 1996). The function of the binding of individual
components is more likely to be additive than obligatory, tive regulatory effect on SYK (Ota and Samelson, 1997),
which may also involve increased degradation of thesince TCR ligation can induce IL-2 production in the
absence of Vav-SLP-76 complex formation (Raab et al., kinase (Lupher et al., 1999) (Figure 2). Similarly, Cbl may
downregulate the expression of the T cell receptor (Mur-1997).
In contrast, the SH2 domain is needed for SLP-76 phy et al., 1998). Consistent with a negative function for
Cbl, c-Cbl2/2 mice show greatly increased sized thymipotentiation of transcription (Fang et al., 1996). The prin-
cipal known binding partner for this domain is FYB/ and spleens, in which ZAP-70, SLP-76, and LAT are
hyperphosphorylated (Murphy et al., 1998).SLAP (da Silva et al., 1997; Musci et al., 1997; reviewed
in Peterson et al., 1998; Rudd, 1998). FYB/SLAP has the Cbl also influences T cell function by complexing with
the adaptors Grb-2 and Crkl (Figure 1). Complexes ofhallmarks of an adaptor protein with several proline-rich
regions, multiple tyrosine-containing motifs, and two Grb-2-Cbl and Grb-2-SOS are differentially regulated in
T cells, with the loss of Grb-2-Cbl complexes upon TCRputative nuclear localization sequences linked to a car-
boxy-terminal SH3 domain (Figure 1). It has a similar activation. At the same time, TCR ligation induces bind-
ing between tyrosine phosphorylated Cbl and CrkL. CrkLtissue distribution to LAT and SLP-76, although its bind-
ing partners are less well established. Expression stud- is an adaptor composed of three SH3 domains and an
SH2 domain (Figure 1). It is constitutively bound to C3G,ies have yielded mixed results on the role of FYB/SLAP
in IL-2 production (da Silva et al., 1997; Musci et al., a GEF for the Ras-related protein Rap-1. Ras activation
Cell
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